Sea cucumber is a kind of food. Holothurian glycosaminoglycan (hGAG) is extracted from the body wall of the sea cucumber. Administration of hGAG and cisplatin (DDP) together to treat lung cancer was investigated. Lung adenocarcinoma A549 cells were cultured and divided into 4 groups: control group, hGAG 100 µg/mL group, DDP 3 µg/mL group, and hGAG 100 µg/mL + DDP 3 µg/mL group. Cell inhibition and apoptosis was evaluated by CCK8 and Hoechst33258 staining. Cell cycle was tested by Annexin V-FITC/PI (propidium iodide) double-staining and flow cytometry. The expression of mRNA and protein of Bcl-2, Bax, caspase-3, and survivin were detected by reverse transcriptase-polymerase chain reaction and Western blot, respectively. The results showed that hGAG combined with DDP enhanced the inhibitory effect of DDP on A549 lung cells through apoptosis pathway. The mechanism of apoptosis may be related to the reduction of Bcl-2 and survivin, as well as the ascension of Bax and caspase-3. hGAG could promote A549 cell cycle arrest in G1 and G2 phase and improve the DDP chemotherapy effects on A549 cells.
Introduction
Sea cucumbers are delicious, nutrient-rich, and of high medicinal values. There are about 1100 species in the world. It has been found that sea cucumber contains many kinds of substances with important biological activities, such as sea cucumber polysaccharides, sea cucumber saponins, peptides, and sea cucumber gangliosides. Thirty years ago, an acidic mucopolysaccharide was extracted from the body wall of edible sea cucumber, which contains galactose, hexuronic acid, fucose, and sulfate. There are 2 main types of polysaccharides in sea cucumber: one is mucopolysaccharide, also called holothurian glycosaminoglycan (hGAG), which is composed of DN-acetylaminogalactose, D-glucuronic acid, and L-fucose; the other is sea cucumber fucoidan, a linear homopolysaccharide composed of L-fucose. Although the glycosyl composition of the 2 types is not the same, the sugar chains of both are rich in sulfate groups (about 32%). This special structure is unique to sea cucumber polysaccharides. Modern pharmacological studies have shown that sea cucumber polysaccharides or hGAG have a variety of pharmacological activities. [1] [2] [3] [4] [5] Worldwide, lung cancer is the leading cause of cancerrelated mortality, [6] [7] [8] [9] [10] [11] [12] and it is also one of the most common malignancies. 13 There are about 1.6 million people dying from lung cancer every year gobally, 14 accounting for 19.4% of total cancer mortality, and the 5-year overall survival rate is <20%. [15] [16] [17] [18] In China, whether in rural or urban areas, the average mortality rate of lung cancer is higher than that of the remainder of the world, and the total 5-year survival rate is 10% to 15%. The World Health Organization predicted that China would attain the highest lung cancer incidence in the world, and that the number of lung cancer deaths among Chinese patients would reach 1 million in 2025. 18, 19 Lung cancer is divided into small cell lung cancer and non-small cell lung cancer (NSCLC) in histopathology; the corresponding proportions are about 15% and 85%, respectively. 20, 21 NSCLC is the most common lung cancer, and more than 50% of NSCLC is adenocarcinoma.
Sea cucumber is a kind of food in Asia. hGAG is an important biologically active compound that can be extracted from the body wall of the sea cucumber. 22 hGAG has a number of unique biological properties, including antitumor, anticoagulant, anti-inflammatory, antivirus, anti-fibrosis, immune regulation, and anti-neovascularization. 23, 24 Many studies have confirmed the antitumor activity of hGAG, [25] [26] [27] [28] [29] [30] [31] [32] [33] but it is unknown whether hGAG could increase the sensitivity of tumors to chemotherapeutic agents or not. In 2018, we did some preliminary research in this area. 34 In this study, the mechanism of apoptosis of lung adenocarcinoma A549 cells following administration of hGAG and cisplatin (DDP) was investigated. In addition, the cell cycle effects of hGAG on adenocarcinoma A549 cells related to the sensitivity to DDP chemotherapy were also studied.
Materials and Methods

Isolation and Purification of hGAG
hGAG was extracted from the body wall of the sea cucumber Apostchopus japonicus. The body wall of fresh sea cucumber Apostchopus japonicus (1 kg) was ground into homogenate and diluted to 1 L. During continuous stirring at 60°C for 1 hour, 56 g of KOH was added. The pH was adjusted to 8.5 with cold HCl. Five grams of diastase was added, and the mixture was maintained at 50°C for 3 hours. The pH of the mixture was adjusted to 7.0 with HCl and the precipitate was removed by centrifugation. A 3-fold 95% (v/v) ethanol was added to precipitate the polysaccharides. The formed precipitate was collected and dissolved in distilled water at a ratio of 1:20 (g/mL). A total of 1.5 M KOAc was added into the supernatant and kept at 4°C overnight. Crude hGAG was collected by centrifugation, dissolved in distilled water, dialyzed against distilled water for 36 hours, and lyophilized. The crude hGAG was fractionated by a Q Sepharose Fast Flow column (300 mm × 30 mm) coupled with a peristaltic pump, eluted with a stepwise gradient of 0, 0.75, and 1.5 mol/L NaCl, and detected by phenol-sulfuric acid method. The fractions eluted by 1.5 M aqueous NaCl were pooled, dialyzed, and further purified on a Sephadex 25 column (100 cm × 2. 
Cell Culture
The human lung adenocarcinoma cell line A549 was purchased from the American Type Culture Collection (ATCC, Manassas, VA). The cells were cultured in RPMI-1640 (Gibco, Carlsbad, CA) medium, which was supplemented with 10% heat-inactivated fetal bovine serum and 1% penstrep (100 U/mL penicillin and 100 U/mL streptomycin; Gibco) in a 37°C humidified incubator containing 5% CO 2 . All experiments were performed using cells grown to 70% to 80% confluence.
CCK8 Detection
Cell viability was assessed by CCK8 (Beyotime Institute of Biotechnology, Shanghai, China). A549 cells were seeded in 96-well plates at a density of 1 × 10 4 cells/well and treated with various concentrations of treatment at 37°C for 24, 48, and 72 hours, respectively. Cells were divided into 4 groups: control group, hGAG 100 µg/mL group, DDP 3 µg/ mL group (Jiangsu Hansoh Pharmaceutical Group Co, Ltd, Jiangsu, China), and hGAG 100 µg/mL + DDP 3 µg/mL group. Each group included 3 wells, which were washed with 100 µL phosphate-buffered saline (PBS; Hyclone) and contained 10 µL CCK8 + 90 µL complete medium at 37°C for experimental culture, separately. A microplate reader was used to read the optical density (OD) at 450 nm after 15 minutes, 30 minutes, 1 hour, 2 hours, 3 hours, and 4 hours. The inhibition ratio was calculated with the following formula: Growth inhibition ratio (%) = (Absorbance of control group − Absorbance of experimental group)/(Absorbance of control group − Absorbance of blank control group) ×100%.
The synergistically inhibitory effect of drug combinations was analyzed by the coefficient of drug interaction (CDI). CDI is calculated as follows: CDI = AB/(A × B). According to the absorbance of each group, AB is the ratio of the combination group to the control group, and A or B is the ratio of the single agent group to the control group. Accordingly, if the CDI value is ≥1, or <1, it indicates that the drugs are antagonistic additive or synergistic, respectively. A CDI of <0.7 indicates that the drugs are significantly synergistic. 29 Hoechst 33258 Staining A549 cells grown on a sterile cover slips in 6-well plates were treated with various concentrations of agents for 48 hours. The culture medium containing compound was removed, and the cells were fixed in fixative (Beyotime) for 15 minutes. After washing twice using PBS, the cells were stained with 0.5 mL of Hoechst 33258 (Beyotime) for 5 minutes and washed again twice using PBS. A drop of prolonged gold anti-fade reagent (Beyotime) was added, and the cells were observed using fluorescence microscopy (Olympus Co, Japan) under 350 nm excitation and 460 nm emission.
RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction
A549 cells were seeded in 6-well plates, and when the cells reached 70% to 80% confluence, they were treated with various concentrations of agents for 48 hours, at 37°C. Total RNA was extracted from A549 cells using TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions, measured by a microplate reader. Singlestranded cDNA was prepared by reverse transcriptase with oligo-dT primer according the manufacturer's instructions (TaKaRa Biomedical Technology Co, Ltd, Dalian, China). cDNA was used for polymerase chain reaction (PCR) amplification, and the gene expression was performed by reveres transcriptase-PCR (RT-PCR), measured using the SYBR Green PCR master mix (TaKaRa). Primers (Sangon Biotech Co, Ltd, Shanghai, China) for Bax, Bcl-2, survivin, caspase-3, and GAPDH gene were designed ( Table 1) . Real-time PCR was followed by melting curve analysis with the following cycling program: initial denaturation at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 5 seconds, annealing at 60°C for 30 seconds, and extension at 60°C for 3 minutes. Fold change in mRNA expression was calculated by the 2 − ΔΔ ct method.
Western Blot Analysis
A549 cells were seeded in 6-well plates, cultured for 12 hours, and then incubated at 37°C with reagents of various concentrations for 48 hours. Protein was extracted from A549 cells in mixtures of RIPA, PIC, and PMSF (RIPA:PIC:PMSF = 100:2:1, Beyotime) with an ultrasonicator on ice, and then nuclei and cell debris were removed by centrifugation at 13 000 relative centrifugal force for 15 minutes, at 4°C. Total protein concentration was determined using BCA Kit (Beyotime). Protein was separated by SDS-PAGE (Beyotime), and then electro-transferred onto a nitrocellulose membrane (Millipore, MA). Nitrocellulose blots were incubated in PBST buffer (Beijing Solarbio Science and Technology Co, Ltd, China), blocked with 5% skim milk powder for 1 hour at room temperature, and the membrane was incubated with primary antibodies overnight at 4°C. After washing 3 times with PBST buffer for 15 minutes, the nitrocellulose membranes were incubated with goat anti-rabbit immunoglobulin G second antibody for 1 hour. After washing 3 times again with PBST buffer for 15 minutes, the results of immune-complex bands were observed using chemiluminescence photographs with enhanced chemiluminescence (ECL, Pierce Chemical, Rockford, IL). Antibodies used in this study were Rabbit anti-human survivin, Bax, Bcl-2, caspase-3 and anti-β-Tublin antibody, and goat anti-rabbit immunoglobulin G second antibody (Abcam, Cambridge, MA, diluted 1:1000).
Flow Cytometric Analyses of Apoptosis and Cell Cycle
Apoptotic cells were determined by Annexin V-FITC/PI Apoptosis Kit (BD Biosciences, San Jose, CA) according to the manufacturer's instructions. Cells were treated with various concentrations of agents for 48 hours as for the Western blot. Then the cells were washed with PBS and harvested with trypsin/EDTA (ethylenediaminetetraacetic acid; Hyclone). The cells were centrifuged for 5 minutes and then washed twice with PBS, stained with FITC and propidium iodide (PI) for 15 minutes at room temperature. After incubation, fluorescence of cells was read by a flow cytometer (BD Biosciences, Franklin Lakes, NJ) immediately. For the cell cycle analysis, cells were harvested as apoptotic, and immediately fixed with 70% ethanol, then stained with PI staining buffer (Beyotime) at 37°C in the dark for 30 minutes. After incubation, cells were analyzed by a FACS Calibur Flow Cytometer.
Statistical Analysis
All experiments were repeated at least 3 times. The data were evaluated using 1-way analysis of variance for unpaired data using SPSS statistical software for Windows, version 22.0 (SPSS Inc, IBM, Chicago, IL), with error bars representing the mean ± SD. A value of P < .05 was considered statistically significant.
Results
The Inhibition Effects of hGAG and DDP on A549 Cells Line
To investigate the effects of hGAG and DDP on A549 cells viability, the CCK-8 assay was performed. We measured the OD value and proliferative activity of A549 cells with 
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various concentrations for different periods of time ( Table 2 shows data at 1 hour after CCK-8 was performed). It was observed that hGAG and DDP exhibited concentration and time-dependent inhibitory effects on the proliferation of A549 cells (P < .05). The inhibitory effect was most clear in hGAG + DDP group (P < .05). CDI was 0.94, 0.75, and 0.78 at 24 hours, 48 hours, and 72 hours, respectively.
The Apoptosis Effects of hGAG and DDP on A549 Cells
We detected the apoptotic A549 cells by Hoechst33258 staining. There were no obvious apoptotic cells in control group, while we observed shrunken, hyperchromatic, and pyknotic cells in hGAG, DDP, and hGAG + DDP groups. Compared with other groups, the cell numbers were the lowest and the apoptotic cells were the most obvious in the hGAG + DDP group (Figure 1 Figure 2 ).
The mRNA Expression of Bax, Caspase-3, Bcl-2, and Survivin in Different Groups
We detected the mRNA expression of Bax, caspase-3, Bcl-2, and survivin in different groups by RT-PCR. Our results indicated that gene expression of Bax and caspase-3 were upregulated in hGAG, DDP, and hGAG + DDP groups compared with the control group (P < .05). In contrast, Bcl-2 and survivin were downregulated in the 3 groups (P < .05). The significant differences were in all groups (P < .05), with the most pronounced effect in the hGAG + DDP group (P < .05; Figure 3 ).
The Protein Expression of Bcl-2, Bax, Survivin, and Caspase-3 in Different Groups
The protein expression of Bcl-2, Bax, survivin, and caspase-3 was detected by Western blot analysis ( Figure 4A ). A549 cells were conditioned in the presence of DDP and hGAG. The protein expression of Bcl-2 and survivin was significantly downregulated, while Bax and caspase-3 were significantly increased compared with the control group (P < .05). Compared with the DDP group, the protein expression was obviously different in the DDP + hGAG group (P < .05; Figure 4B ).
The Effect of hGAG and DDP on Cell Cycle Distribution
As compared with the control group (G1: 60.500 ± 1.153%), treatment with hGAG (100 µg/mL), showed a blocking of A549 cells in the G1 phase (69.430 ± 0.762%; Table 3 ). Treatment with 3 µg/mL DDP showed arrest of cells in S phases compared with S phase cells (17.450 ± 0.837%) in the control group ( Figure 5 ). Combination treatment of 3 µg/mL DDP and hGAG (100 µg/mL) simultaneously showed an increase in the percentages of cells in G1 phase cells (56.803 ± 0.798%) and G2 phase cells (12.270 ± 0.420%) compared with the DDP group (G1: 43.887 ± 2.365%, G2: 4.043 ± 0.196%). Altogether, the hGAG could promote cell cycle arrest in G1 and G2 phases to chemotherapy of DDP in A549 cells. 
Discussion
HGAG is a holothurian glycosaminoglycan extracted from the body wall of sea cucumber. The antitumor effect of hGAG has been studied quite widely in recent years, as well as the mechanism of hGAG for the modulation of immunoreactivities, 6, 25 antiangiogenesis, 3 induction of apoptosis, and cell cycle inhibition. [26] [27] [28] Apoptosis and cell cycle inhibition are the most studied mechanisms. Both Bcl-2 and Bax belong to the Bcl-2 family; their oncogene activity will be enhanced when Bcl-2 is strongly expressed or Bax expressed at low levels. So the ratio of Bax/Bcl-2 may regulate the initiation of the apoptotic signal. 35, 36 In current research on tumor cell division and inhibition of apoptosis, survivin is the strongest inhibitor of apoptosis, belonging to the apoptosis inhibition family. [36] [37] [38] [39] Caspase-3 is an important apoptosis regulator and key enzyme in the cysteinyl aspartate-specific proteinase (caspase) family. Most factors initiate apoptosis through the caspase-3-mediated pathway. 37, 38, 40 Activated caspase-3 is an important signaling molecule in the apoptosis pathway and is associated with the activation of caspase-9. 40 The antiapoptotic effect of survivin is connected with caspase-3 activation. 41 Survivin can directly inhibit the activity of caspase-3 downstream of the apoptotic pathway and indirectly inhibit the activation of caspase-3 by means of caspase-9. The homodimers of Bax could be increased on account of Bax strongly expressing; furthermore, Bax overexpression could alter mitochondrial transmembrane potential, activate caspase-7 and caspase-3 downstream, accomplish substrate excision, and accelerate apoptosis by combining with mitochondrial membrane, as well as initiating a cascade of caspase. 42 In contrast, when the homodimer of Bax decreases, the heterodimer of Bax/ Bcl-2 might increase, and apoptosis will be inhibited when Bcl-2 is strongly expressed. 42 Caspase-3 is the main performer of the apoptotic procedure, activating DNA fragments, leading to DNA degradation, resulting in nuclear fragmentation, and inducing apoptosis by cascade reactions. 43 As is noted above, both survivin and Bcl-2 can inhibit apoptosis through inhibiting caspase-3. Bcl-2 can inhibit mitochondrial releasing cytochrome C by acting on caspase-3 upstream, whereas survivin can inhibit caspase-3 downstream of the apoptotic pathway. 43 Our results indicate that both Bcl-2 and survivin mRNA and protein expression might be decreased when A549 cells were conditioned in the absence or presence of either DDP or hGAG; however, the expression of Bax and caspase-3 mRNA and protein could be increased at the same time. The expression of mRNA and protein was most pronounced in both the DDP group and the hGAG group. The results of Western blotting coincided with RT-PCR result; nevertheless, there is a significant difference between the groups in mRNA and protein expression. Low expression of Bcl-2 and survivin mRNA and protein could upregulate caspase-3, thereby the activity and function of caspase-3 could be increased, while the apoptosis of A549 cells was promoted. On the other hand, Bax overexpression can initiate the caspase cascade by activating caspase-3 downstream, which may promote apoptosis in A549 cells.
Aberrant regulation of cell cycle is closely related to cancer progression and development. The cell cycle can be divided into inter-phase and cell division, including G0, G1, S, G2, and M phases. G1 phase is the main "restriction site." [43] [44] [45] Whether cells proliferate or not is determined by whether the cells could go through the G1 phase to the S phase. 45, 46 DDP is a nonspecific cell cycle phase agent and could suppress DNA replication by forming DDP-DNA cross-linking with DNA. 47 In this study, DDP could arrest cell proliferation at the S phase, whereas hGAG may arrest cell proliferation at the G1 phase, DDP + hGAG could reduce the S phase arrest while increasing the G1 phase arrest when compared with DDP. Cell proliferation would be inhibited when the G1 phase arrest increases and more cells cannot enter into the S phase.
In conclusion, hGAG, whether in combination with DDP or not, could promote apoptosis and inhibit proliferation of A549 cells; at the same time, hGAG could increase the sensitivity to DDP chemotherapy of A549 cells. The mechanism of hGAG-sensitizing may be associated with low expression of Bcl-2 and survivin mRNA and protein, as well as overexpression of Bax and caspase-3 mRNA and protein. In addition, we consider that the hGAG could promote cell cycle arrest in G1 and G2 phases and raise the chemotherapeutic effects of DDP on A549 cells.
